Loop quantum cosmology is considered in inflation era. A slow roll scalar field solution with power law potential is presented in the neighborhood of transition time, i.e. when the universe enters inflation phase from super-inflation. The compatibility of the model with Planck 2013 data is discussed. The domain of validity of second and the generalized second laws of thermodynamics for this solution and some other examples is studied.
Introduction
Application of loop quantum gravity (LQG) to homogenous and isotropic space time, reduces its symmetries and gives rise to loop quantum cosmology (LQC) [1] . In this theory, due to the effective quantum gravitational effects, the big bang singularity predicted by general relativity is replaced by a big bounce, after which a super-inflation phase occurs. Afterwards the universe enters a normal inflation regime.
By super-inflation we mean a period of super-acceleration of the universe during which the time derivative of the Hubble parameter, H, is positive: H > 0, in contrast to the standard slow roll inflation whereḢ < 0. This super-acceleration can be viewed as a special feature of modified Friedmann equations in effective theory of loop quantum cosmology. Such a phase can also be occurred in general theory of gravity but for example by introducing exotic matter such phantom which violates the null energy condition, or by adding non-minimal coupling terms to the matter action. By considering the super-inflation, the horizon problem may be solved with only a few efolds [2] . Perturbations in this period of evolution of the universe has also been studied in some papers [3] .
As in LQC, the energy density and the Hubble parameter are bounded, the future singularity arisen in the dark energy models may also be avoided in this model.
The most adopted source for the matter in inflation scenario is a scalar field with a suitable potential [4] . However, obtaining an exact solution to the modified Friedmann equations in LQC is not possible for a general potential. Inflation, in the context of general relativity, may be driven by a slow roll scalar field whose parameters are so fine tuned to provide enough number of e-folding according to astrophysical data [4] . The slow roll solution exists also in LQC, and by using numerical methods it has been shown that the problem of fine tuning is alleviated in this model [5] .
To investigate the relationship between thermodynamics and gravity, many studies about thermodynamics properties of cosmological event horizons and thermal nature of the enclosed matter have been done in recent years [6] . In this regard, validity of the second and generalized second laws (GSL) of thermodynamics in different models of gravity has been subject of many studies [7] . Some of these works have been inspired by the attempts to know the nature of matter with negative pressure such as dark energy and inflaton causing the acceleration or super-acceleration of the universe [8] . The scheme of the paper is a follows.
We consider a spatially flat homogeneous and isotropic Friedmann-Lemaître-Robertson-Walker (FLRW) space-time and focus on inflation era and specially on transition from super-acceleration to acceleration epoch. After a brief introduction to loop quantum cosmology and one of its exact solutions, i.e. single fluid solution with constant equation of state parameter (EoS), we present a slow rolling scalar field solution, with power law potential, in the era of transition from super-inflation to inflation phase. We show that this slow roll solution is capable to describe the transition from super-acceleration to acceleration expansion, provided that some conditions which are compatible with Planck 2013 data are satisfied. Afterward, we study the behavior of the entropy and investigate the validity of the second and generalized second laws of thermodynamics for our proposed solutions. In our study the pre-bounce era is not considered.
We use natural units = c = G = 1 throughout the paper.
loop quantum cosmology, preliminaries, solutions
We consider a spatially flat FLRW space-time
where a(t) is the scale factor. By coupling the matter to classical phase space of FLRW universe, and by taking into account the constraints coming from loop quantum gravity, one obtains [13] :
H matt is the matter Hamiltonian. γ ≈ 0.24 [9] denotes the Barbero-Immirzi parameter and λ is the length gap λ ≈ 2.27. v is proportional to the physical volume of a cubical cell, with unit comoving volume : v = a 3 2πγ , and b is the conjugate momentum. Dot denotes derivative with respect to the time "t". The above equations can be rewritten as
where H is the Hubble parameter and the matter density, ρ, has an upper limit ρ ≤ ρ c where ρ c = 3 8πγ 2 λ 2 ≈ 0.41. (3) results in the modified Friedmann equation
The continuity equation for the matter iṡ
which by combining with (4), gives the other Friedmann equatioṅ
where P is the matter pressure. Although for ρ ≪ ρ c we obtain the usual Friedmann equations, but in the Planck regime, where ρ ∼ ρ c , the behavior of the system changes drastically.
From (4) and (6), we can describe the expansion of a universe filled with a perfect fluid satisfying P + ρ > 0 as follows: A bounce occurs at ρ = ρ c , when H = 0. After the bounce ρ decreases and in the interval ρc 2 < ρ < ρ c , the universe undergoes a super-inflation evolution in the sense thatḢ > 0. Note that the inflation era is specified by a positive accelerated expansion:ä > 0, which in terms of the Hubble parameter, is equivalent toḢ + H 2 > 0. Inflation duringḢ > (<)0 is dubbed as super(normal)-inflation. Equipped with modified Friedmann equations (i. e. eqs. (4) and (6)), in order to have a super-inflation phase there is no need to introduce a phantom fluid satisfying P + ρ < 0. During the super-inflation, (5) dictates that ρ continues to decrease. When ρ = Combining (4) and (6) we geṫ
where w is the effective equation of state parameter defined by w = P ρ . Inflation occurs when 3w
In the context of general relativity, (8) reduces to w < − 1 3 , so to describe the inflation we were obliged to introduce matter with negative pressure such as a slowly rolling scalar field (inflaton). But in the framework of modified Friedmann equations in loop quantum cosmology, even barotropic fluids with non-negative constant EoS parameters such as radiation whose densities satisfy (8) not only can give rise to inflation but also to superinflation [10] . To get some intuition about this point, consider a universe filled with a perfect fluid whose the EoS parameter is a constant. ρ is obtained as
In (9) the time is adjusted such that the bounce happens at t = 0. The transition time, t 0 (defined as the time when the super-inflation (Ḣ > 0) ends and normal inflation (Ḣ < 0) begins), is given by
A common candidate for the source of inflation in the literature is a scalar field (inflaton) φ. Choosing the potential as [11] 
where V 0 is a constant, the scalar field mimics classically the behavior of a perfect fluid with constant EoS parameter w. When the scalar field is without potential we have w = 1 (to find discussions about inflation in this situation see [12] ). The model with w = 0 (dust like behavior), and its cosmological results, were studied in [11] . In fig. (1), the Hubble parameter is depicted in terms of the cosmic time for a universe filled with a perfect fluid whose EoS is w = 1, and also for w = 0. The bounce is assumed to occur at t = 0 and we have set ρ c ≈ 0.41, obtained by the Immirzi factor γ ≈ 0.24 derived by studying the black hole entropy in loop Quantum Gravity in [9] . As it is illustrated in this figure, after the bounce at t = 0, we have a super-inflation phase where H is increasing. AfterḢ = 0, normal inflation phase begins. The super-inflation lasts longer for smaller w.
Obtaining an exact analytical solution for (4), and (6) is not generally possible. Indeed, (5) can not be easily integrated to give an analytic expression for ρ(t) (note that only two of the equations (4), (5) , and (6) are independent) but, as we have seen, choosing a constant EoS parameter facilitates the analysis.
To generalize the discussion to no constant EoS parameters, in the following we present a scalar field solution for the inflaton with power law potential which crossesḢ = 0 line, during its slow roll evolution. In general relativity, the slow roll model can only describe the inflation phase but here, as we will show, the super-inflation can occur also in the slow roll regime.
2.1
Slow roll scalar field solution crossingḢ = 0 line
In this part we assume that the inflaton is a slow-roll scalar field with a power law potential. We seek for solutions of Friedmann equations with differentiable Hubble parameter at transition time which as before we denote by t 0 . We present a series which crossesḢ = 0 line, and show that by choosing appropriate parameters it satisfies the Friedmann equations. The energy density of the scalar field is
where V (φ) is the potential and the pressure is given by
In the neighborhood of t = t 0 , we present the differentiable Hubble parameter as [14] 
where h 0 is the value of the Hubble parameter and p is the order of the first non zero time derivative of
and an even integer number p are found such that (14) satisfies the modified Friedmann equations, then this solution describes the transition from superinflation to inflation, because for t ≤ t 0 we haveḢ ≥ 0 while for t ≥ t 0 we haveḢ ≤ 0. The differentiability of the Hubble parameter at transition time implies that the energy density and the pressure are well defined (see (4 and (6) ).
To justify our ansatz (14), we show that it satisfies (5) and (6) consistently (note that (4) can be derived from (5) and (6)). The continuity equation for the scalar field reads
where
dφ . Substituting (14) into (15), with the assumption φ ≪ 3Hφ, yields
whose the solution for the power law potential
where v 1 is a real number and n is an integer, is given by
c 1 is determined by
and Φ is the Lerchphi function
For quadratic potential,
we obtain
The slowly varying conditionφ ≪ 3Hφ, used to obtain the above solution, is satisfied when
which for quadratic potential gives m 2 ≪ h 2 0 , leading to
If we rewrite (23) as
, in our slow roll regime, we deduce that the potential must satisfy 
(which means that in the slow roll approximation the main part of the energy density is coming from the potential), yields
So the value of the scalar field at transition time must be large in this approximation. By inserting (18) into the Friedmann equatioṅ
we arrive aṫ
So (14) satisfies Friedmann equation provided that
Applying the slow roll condition (23) to (29), we obtain
which determines the transition rate. As h 1 < 0, our series solution
where φ(0) is determined by (25), describes a transition from super-inflation to inflation at t = t 0 . Note that the first term in the series solution of H is the value of H at the transition time, i.e. when ρ = ρc 2 . As a summary, we conclude that crossing the super-inflation-inflation divide line is, in principle, possible during a slow roll evolution of a scalar field with power law potential, and the approximate solution to Friedmann equations, in this region, is given by (31).
Compatibility of the slow roll scalar field model(with the power law potential (21))with observations was studied in [13] . In [13] WMAP7 [15] data were used to obtain some estimation about the value of the scalar field and its mass in the slow roll regime:
m P is the Planck mass m P = c G . In the units adopted in this paper m P = 1. t * is some time in slow roll era, after super-inflation where the scale length λ = 1 k (k = 2 × 10 −3 M pc −1 is WMAP7 pivot scale) exited the Hubble radius. We can follow the procedure used in [13] , to update the results (32) via Planck 2013 data [16] . In the scalar field model with square potential (21), the power spectrum of the scalar perturbations, P s , and the spectral index, n s , are specified as
is one of the slow roll parameter. (33) must be computed at time t * , where the scale length corresponding to the pivot scale k = 0.05M pc −1 exited the Hubble Horizon. The Planck 2013 data imply (for %68 CL or 1σ error)
(35) together with (33) and (34) 
The estimated values for the inflaton mass in (37) and (32)are in agrement with our result (24). By noting that in the slow roll regime the main part of the energy is the potential energy, and also by bearing in mind that the energy decreases during the slow roll, we expect that the absolute value of φ decreases after the transition, |φ(t * )| < |φ(t 0 )|. Therefore (26) is also in agreement with (32) and (36).
Second and generalized second laws in loop quantum cosmology
The study of thermodynamic laws of cosmological horizons may provide us a mean to get more information about the solutions of (modified) Friedmann equations which describe the inflation and also the late time accelerated expansion of the universe. In this part we try to investigate the domain of validity of the generalized second law (GSL) (which asserts that the sum of the entropies of the horizon and the matter it encloses is a non decreasing function of cosmic time) in loop quantum cosmology for the solutions studied in the previous section, and also study the constraints that this law puts on these solutions. The entropy of the apparent horizon R h in loop quantum gravity is given by [9] S h = πR
where α ∼ O(1) and β are real constants arisen from quantum corrections. A natural choice for the cosmological horizon is the apparent horizon R h = 1 H . Note that R h does not exists for H = 0, but R h (H = 0) ∈ R. By adopting this choice we obtaiṅ
Near H = 0, S h is very large andṠ h ≈ −2πḢ H 3 . So after the bounce, S h decreases very fast, reducing S h to smaller finite values. In the super accelerated expansion era, H increases from H = 0 at the bounce to H = 2πρc 3
at the transition time, hence S h increases only for − 3 2πρc < α < 0, and when (1 + αH 2 ) < 0. After the transition, we haveḢ < 0, andṠ h > 0 is valid for (1 + αH 2 ) > 0.
To study the GSL, we must also consider the contribution of matter, which satisfies weak energy condition ρ > 0, P + ρ ≥ 0, to entropy. We use the first law of thermodynamics
to obtain
T > 0 is the temperature and S in is the entropy of the matter inside the horizon. (42) and (5) result iṅ
During the inflation, 1 +Ḣ H 2 > 0, thereforeṠ in < 0. After the inflation S in decreases. By adding (42) to (39), we find that GSL is valid wheneveṙ
Provided that the weak energy condition is valid, immediately after the bounce S tot quickly decreases. Afterward, the energy density decreases and the system approaches to the transition time. In the accelerated expansion era (Ḣ + H 2 > 0), validity of GSL requireṡ
By comparing (44) and (45), and assuming that H is continuous at transition time, the value of α is fixed as
But this is not the whole history: In the super accelerated expansion epoch, H increases until it reaches its maximum value H = 2πρc 3 at transition time. But this result is in contradiction with (44) which implies H(t < t 0 ) > 2πρc 3 . So we conclude that, besides a time interval after the bounce, GSL does not hold in the whole of a connected region comprising super-inflation, and ordinary inflation eras. Now let us have a closer look to the behavior of the system in the neighborhood of transition time t 0 , whenṠ tot reduces tȯ
The only way to save GSL in this region for ordinary matter (i.e. matter satisfying weak energy condition), is to have P (t 0 ) + ρ(t 0 ) = 0. For the scalar field model, P + ρ =φ 2 ≥ 0. Based on the solutions derived in the previous section, the slow roll scalar field with power law potential (17) has the following behavior in neighborhood ofḢ = 0 :
. (48) But in the slow roll approximation, V (φ) ≈ ρc 2 , then φ(t 0 ) = 0, and we havė S tot (t 0 ) < 0. Therefore at t 0 and at least in the neighborhood of t 0 GSL is violated.
At the end of inflation,t end ,Ḣ + H 2 = 0, anḋ
Hence GSL violation is ceased at this time provided that 1 + αH 2 > 0 which is always true for α > 0 (a positive value for α was proposed by [17] ).
To be more quantitative and to get more insights about the GSL let us examine (43) using some of the solutions of Friedmann equations. To do this, we have to specify the matter temperature. This temperature is assumed to be equal to the horizon temperature which can be expressed in terms of surface gravity [18] , κ = −H 1 +Ḣ 2H 2 , as
So GSL stateṡ
Hence GSL holds whenever the above inequality is satisfied. For a barotropic fluid with constant w > 0, and by considering ρ < ρ c , one can show that (51) reduces to
where Γ = w + 1, and x := ρ ρc , α c := 8π 3 αρ c are dimensionless parameters. According to our previous claim, when x → 1, the GSL is obviously violated. The same occurs when x = 1/2, independently of the values of the parameters α and Γ > 1. for x → 0 and αH 2 ≪ 1, (51) reduces to πḢ 2 H 3 ≥ 0 which is true. This is the domain of classical theory of gravity far from the Planck era. In this era GSL holds. The inflation ends at x = 3Γ−2 6Γ−2 . In this region α > 0 is a sufficient condition for validity of GSL.
In figure ( 2),Ṡ tot is depicted for a barotropic fluid whose equation of state parameter is w ≈ 1 (e.g. a massless scalar field). GSL holds only for t > 0.22 where the inflation nearly ends. The transition time is t 0 = 0.18 (to get more intuition, note these numbers are in terms of the fundamental time unit, So far, to elucidate our results, we have used the slow roll scalar field and barotropic fluids with constant EoS parameters. To get a more complete insight about the behavior of entropy for a nonconstant w, let us consider a scalar field with quadratic potential, (21) , whose the kinetic energy is extremely dominated at the bounce [13] . One of the characteristics of this model is f = φ B φmax , where φ 2 max = 2ρc m 2 and φ B is the value of the scalar field at the bounce. Therefore,
ρc determines the contribution of the potential in the total energy density at the bounce. In [13] , it was shown that for f ≥ 1.25 × 10 −6 and φ B > 0, this model is consistent with WMAP data. We take φ B = 1.1,φ B = 0.905, m = 1.21 × 10 −6 and α = −1.16 which yield f = 1.4 × 10 −6 . As is depicted in fig.(3) ) after the bounce and until the transition time H is increasing, henceḢ + H 2 > 0, thus this model is enable to describe the onset of inflation. fig.(4) ),Ṡ is depicted in terms of the cosmic time . This figure shows that for t < t ∼ 0.2138 GSL fails. 
Conclusion
We considered loop quantum cosmology, i.e. where the effective quantum corrections coming from loop quantum gravity cannot be neglected. We presented a slow roll scalar field solution with power law potential in terms of Lerchphi function and showed that this solution can describe the transition from the super-inflation to the inflation phase, provided that the value of the scalar field at transition time and the model parameters satisfy some conditions (see (23), (24) and (26)). It was shown that these conditions are consistent with Planck 2013 data. The thermodynamics second law and generalized second law (GSL) for the apparent horizon and for some previously proposed solutions were discussed. It was shown that if the matter respects the null energy condition, immediately after the bounce the (total) entropy decreases very fast from its huge values, but this decrease does not continue for a long time and after awhile the entropy begins to increase. It was shown that the GSL does not hold in the whole of a connected region extended from super-inflation to inflation era. Specially it was shown that for a scalar field this law is violated at transition time. As illustrations, we discussed the behavior of the entropy for an exactly solvable model (massless scalar field) where GSL is violated even after the transition time and holds (nearly) after the inflation ends. Afterwards using numerical method we depicted time derivative of the total entropy for scalar field model whose kinetic energy is extremely dominated at the bounce, and the violation of GSL in a finite time interval after the bounce was demonstrated. So it seems that GSL does not hold near the bounce where the apparent horizon is very large, and at least, depending on the parameters of the model, this violation may continue until the end of inflation, as was illustrated through some examples. This violation is related to effective quantum effects and GSL continues to be true far from the Planck era. This may be related to the fact that in our computation we have ignored the contribution of the radiation energy density, generated by particle creation from the horizon [19] . Another possibility to alleviate this problem may be the adoption of another horizon such as the future event horizon [20] . Similar violation of GSL was also reported in a super-accelerated epoch in a phantom dominated universe or in modified theories of gravity in the literature [21] .
